The intensely fragrant flowers of the Rosa rugosa Thunb. have been applied in medicine, and food and cosmetic industries. The species is cultivated for production of rose essential oil (Oleum Rosae) from its flowers. R. rugosa petals secrete the largest quantities of essential oil.
INTRODUCTION

Rosa rugosa
Rosa rugosa has modest soil requirements and is characterized by considerable frost and draught resistance. Since the beginning of the 20 th century, the species has been planted along roads, reinforcement of sandy slopes, railway embankments, and coastal dunes in Europe and North America (S z w e y k o ws k a and S z w e y k o w s k i , 2003; B r u u n , 2005, 2006) . In its homeland (China), Rosa rugosa is regarded as a rare species, whereas in the localities where it has been introduced, i.e. North America, Europe, and Australia, it is an invasive plant (M a r i n e l l i , 2006). Indications of R. rugosa invasion have been reported from many European countries: the British Isles, the Netherlands, Germany, Denmark, Norway, Sweden, and Lithuania (B r u u n , 2005; 2006) . Seed dispersal through water contributes to intensive colonization of the coasts e.g. in the Scandinavian countries (B r u u n , 2005). Additionally, seeds can be dispersed by birds and small mammals (B r u u n , 2005; M a r i n e l l i , 2006). R. rugosa fruits contain substantial amounts of vitamin C and are therefore used for production of food concentrates. Rose petals are used for production of confitures and jellies (S z w e y k o w s k a and S z w e y k o w s k i , 2003). Thanks to its aromatizing properties, rose oil (Oleum Rosae) is used not only in cosmetic and food industries, but also in pharmaceutical industry as an additive to improve the flavour and smell of drugs and as an appetite stimulant (K o h lm ü n z e r , 1998). R. rugosa is grown in Asia as an oil-bearing plant (F e n g et al. 2010) . Dry petals and buds of R. rugosa are used as a multiple-action drug in the traditional Chinese medicine and as raw material for herbal tea production (O c h i r et al. 2010 ).
The flower scent is primarily emitted by petals (B r u u n , 2005). Anatomical and chemical analyses have revealed significant differences between odourless petals and scent-emitting petals of Rosa x hybrida varieties. Age-related development of petal tissues of Rosa x hybrida flowers has also been described (B e rg o u g n o u x et al. 2007 ). Histochemical and chromatographic analyses performed by the above-mentioned authors demonstrate that both the adaxial and abaxial surface of rose petals produce and secrete similar quantities of fragrant substances with a similar chemical composition. In turn, D o b s o n et al . (1990) have found that different parts of the Rosa rugosa flower, i.e. petals, sepals plus gynoecium, anthers, and pollen, produce fragrant substances differing in terms of their chemical composition.
The aim of our study was to compare the micromorphology of the adaxial and abaxial epidermis of R. rugosa petals in fully developed scent-emitting flowers. Additionally, petal thickness and mesophyll characteristics were determined.
MATERIAL AND METHODS
The flowers of Rosa rugosa Thunb. were taken from the shrubs growing in the collection of the of Maria Curie-Skłodowska University Botanical Garden in Lublin.
Preliminary observations of the structure of petals in the corolla of fully open flowers were performed using light microscopy. To this end, cross sections of the petals were manually prepared.
The micromorphology of the adaxial and abaxial epidermis of petals and their cross sections were analyzed with the use of scanning electron microscopy (SEM). Fragments of petals were fixed in 4% glutaraldehyde in 0,1 M phosphate buffer (pH 7,0). Next, they were dehydrated in ethanol and an acetone series. In a subsequent stage, the plant samples were critical-point dried in liquid CO 2 and sputter-coated with gold using a CS 100 Sputter Coater. The observations and photographic documentation were performed using a Tescan Vega II scanning electron microscope.
RESULTS
General characteristics of petal tissues
Relatively thin layers of the adaxial and abaxial epidermis and mesophyll covering a considerable part of the petal were visible in the cross section of the Rosa rugosa petal (Fig. 1 B) . The petal thickness is 110-120 m in the central part. On a large area of the petal, the adaxial epidermis cells form conical papillae, which do not occur in the basal part of the organ only. In turn, the abaxial epidermis consists of cells with flat outer walls (Fig. 1 B, G) . The pink colour of the petals is provided by anthocyanin contained in the vacuoles of cells of both the epidermal layers. The petal mesophyll is composed of multiple layers of parenchymal cells separated by very large intercellular spaces. The cells are irregularly branched and form "arm-like appendages" (Fig. 1 B, C, D) . The vascular system of the petal consists of several large and numerous much smaller nerves made up of collateral bundles (Fig. 1 D) . The xylem of the vascular bundles contains mainly spiral vessels, fragments of which were observed in the petal tissue (Fig. 1 E) .
Adaxial epidermis
The height of the cells in this tissue ranges from 28 to 32 m. The outer walls are strongly convex and form conical papillae (Figs 1 F; 2 D, E), whereas the anticlinal walls are straight (Fig. 2 B) . The upper part of the papillae is covered by massive cuticular striae converging at the apex ( Fig. 2 A-F) . The maximum width of the striae is ca. 1 m. Striation is also visible in the inner part of the papillae-forming wall (Fig. 1 F) .
Conspicuous convexities of the cuticle, probably caused by accumulation of the secretion, were found in the apical part of some papillae (Fig. 2 D) . Remnants of the secretory substance were visible on the surface of the papillae in many parts of the epidermis (Fig. 2 B, C, D) .
Abaxial epidermis
This epidermal layer is formed by cells with flat outer walls producing no papillae. The surface of the cuticle covering tangential walls is striated and is characterized by diverse striation patterns. The striae are parallel in some parts, while in others they form irregular clusters and folds ( Fig. 3 A-D) . The approximate thickness of the striae is 1 m. The arrangement of the massive and dense cuticular striae masks the boundaries between individual cells and prevents assessment of their shapes.
In the central part of the petal, we observed circular or oval-shaped surfaces with a smooth cuticle probably formed by stretching of the striae by the secretory substance accumulating under the cuticle (Fig. 3 A, B, D) . The secretory activity of some epidermal areas resulted in accumulation of substantial amounts of secretion under the cuticle, the surface of which lost its original striation due to stretching (Fig.  4 A-D) . The observations of the abaxial surface of the epidermis of various petal fragments indicate that the process of secretion did not proceed synchronously. No stomata were found in the abaxial epidermis of the petal. 
DISCUSSION
Essential oils are contained primarily in petal epidermal cells or in flower parts differentiated into osmophores (E s a u , 1973; V o g e l , 1990). We have found that fragrant substances in Rosa rugosa petals are secreted by the cells of both the adaxial and abaxial epidermis. Our results confirm the results of previous investigations conducted on Rosa x hybrida by B e r g o u g n o u x et al. (2007), who demonstrated a similar degree of secretory activity in the adaxial and abaxial epidermis of petals.
Similarly to Rosa x hybrida petals (B e r g ou g n o u x et al. 2007 ), papillae were found only in the adaxial epidermis in the Rosa rugosa petals in our study. Essential oil was secreted by the apical part of the papillae covered by multiple cuticular striae. The secretory activity of the papillae was asynchronous. Convexities of the cuticle filled with the secretion were observed in the apical part of some papillae only. In other papillae, the remnants of the secretory substance were dispersed on the surface of cell walls. A majority of the papillae observed in the petals were probably in the pre-secretory stage.
Secretion of essential oil from flowers of various Rosa species is closely associated with the pollination biology. Rose flowers attract insects through their colour and scent. Pollen is the only reward for pollinators, as Rosa flowers do not produce nectar. In Europe, insects that pollinate the flowers of R. rugosa include Lasioglossum, a few species from the genus Bombus, and Apis mellifera (B r u u n , 2005). The major components of R. rugosa fragrance are citronellol, geraniol and nerol, and over 10 other monoterpenes, each of which constitutes more than 0.05% of the relative amount (H a s h i d o k o , 1996).
It has been suggested that papillae formed by the adaxial epidermis in petals of many plant species can serve various functions (W h i t n e y et al. 2009, 2011) . They occur primarily in the flowers of entomophilous plants and may facilitate pollinator grip in the flower. Papillae have been found to exert an effect on the intensity of petal colour and petal reflexing. They also contribute to scent production, petal wettability, and to some extent faster warming of the petal. Among the 201 entomophilous plant species examined, 79% exhibited presence of papillae in the adaxial epidermis (K a y et al. 1981 ). Absence of papillae in epidermal cells of Petasites petals (H a r a t y m and W e r y s zk o -C h m i e l e w s k a , 2012) and in the epidermis of Galanthus tepals (W e r y s z k o -C h m i e l e w s k a and C h w i l , 2010) was reported in our previous papers.
A characteristic feature of the epidermis of many plant species is occurrence of striated cuticle forming specific patterns. It has been shown that cuticle stretching and spread of initial folds along the epidermal cell surface is possible (E s a u , 1973) . Similarly, R. rugosa displayed local alterations in the arrangement of the cuticular striae accompanying the secretory activity. The cuticle is the first protective barrier between the plant surface in contact with air and plant environment; it is also the major barrier against the transpiration stream and different solutions (R i e d er e r and S c h r e i b e r , 2001; E v e r t , 2006). Therefore, the cuticle can be assumed to play an important role in secretion of essential oils by the flower petal epidermis. Release of secretory products on the cuticle surface may proceed through cuticular ruptures or pores (A n c e n s ã o and P a i s , 1998; E v e r t , 2006). As demonstrated by our observations, secretion of essential oil by epidermal cells in R. rugosa is accompanied by cuticular stretching and rupture.
We have found that the adaxial and abaxial epidermis in R. rugosa secretes essential oil despite the differences in the cell structure. Similar results for R. x hybrida were obtained by B e r g o u g n o u x et al. (2007) . Similarly, our previous investigations demonstrated a high diversity in the structure of cells releasing aromatic compound in Asphodelus aestivus filaments (W e r y s z k o -C h m i e l e w s k a et al. 2007 ).
